Abstract. Cluster of differentiation 59 (CD59) is a glycosylphosphatidylinositol-anchored protein. Cross-linking of CD59 with specific monoclonal antibodies can cause a series of intracellular signal transduction events. However, the underlying molecular mechanisms are poorly understood. Linker for activation of T-cells (LAT) is a crucial adaptor protein in T-cell signaling, and its phosphorylation and palmitoylation are essential for its localization and function. In a previous study by the present authors, it was demonstrated that CD59 may be responsible for LAT palmitoylation, thereby regulating T-cell signal transduction. The present study detected the co-localization of LAT and CD59 in lipid rafts by transfecting Jurkat cells with lentivirus vectors carrying the LAT-enhanced green fluorescent protein fusion protein. In addition, LAT and CD59 were shown to have a synergistic effect on the proliferation of Jurkat cells. The results also indicated that CD59 may transfer the palmitate group from phosphatidylinositol to LAT to form LAT palmitate, which then localizes to lipid rafts to regulate T-cell activation. The results of the present study provided novel insights into the role of CD59 in T-cell signal transduction.
Introduction
Glycosylphosphatidylinositols (GPIs) are complex glycolipids that anchor proteins to the outer leaflet of the cell membrane via their carboxyl terminal (1) . The core structure of a GPI consists of a phosphatidylinositol (PI) moiety, a glucosamine (GlcN) moiety, three mannoses (Mans) and an ethanolamine-phosphate (EtNP) moiety (2) . Previous studies have shown that GPIs are able to transduce activation signals into the cell (3) (4) (5) (6) . The molecular mechanisms underlying signal transduction are poorly understood. However, it is hypothesized that the PI moiety of GPI may participate in signal transduction via a palmitate group that is located at the second position of the PI (PI-2 nd ) (7). Cluster of differentiation 59 (CD59) is an 18-21 kDa GPI-anchored glycoprotein (GPIAP), which belongs to the leukocyte antigen 6 (Ly6) family of proteins and has a high homology to the mouse protein, Ly6 (8) . CD59 was initially shown to prevent C9 units from binding to the C 5b-8 complex in order to inhibit the formation of membrane attack complex (9) (10) (11) . Due to this crucial role, CD59 is widely expressed in the majority of tissues, including the heart, liver and kidneys, and circulating cells, such as leukocytes and red blood cells (12, 13) . The function of CD59 in complement regulation has been well documented (9) (10) (11) ; however, numerous studies have suggested that CD59 also has a role in T-cell activation and signal transduction (5) (6) (7) . However, CD59 is a GPI-anchored protein and does not span the membrane; thus the mechanisms underlying the CD59-mediated transduction of signals into the cell remain unclear. It has been suggested that the function of CD59 in signal transduction is dependent on its localization to lipid rafts, which act as platforms for the associations of signaling molecules (14) .
Linker for activation of T-cells (LAT) was first observed in 1990 and, until 1998, it was purified from activated Jurkat cells and named LAT based on its properties (15) . LAT is one of the most important transmembrane adaptor proteins, and is expressed in mature T-cells, natural killer cells, mast cells, megakaryocytes and pre-B-cells (15) (16) (17) (18) . LAT has no intrinsic enzymatic activity, but it enables inducible recruitment of effector molecules to the plasma membrane (19) . Human LAT has four extracellular amino acids, a single transmembrane domain and a long cytoplasmic tail that contains nine conserved tyrosine motifs. Examination of the amino acid sequence of LAT showed that the juxtamembrane region of LAT contains two cysteine (C) residues, C26 and C29 in humans, which are critical for LAT palmitoylation, raft localization, phosphorylation and function in T-cell receptor (TCR)-mediated signaling (20) . LAT palmitoylation is undeniably essential for its function; however, the mechanism underlying the palmitoylation of LAT is unknown.
Based on the structural characteristics of CD59 and LAT, the authors of the present study hypothesized that CD59 may transfer a palmitate group to LAT, causing them to co-localize to lipid rafts in order to regulate T-cell signal transduction. Therefore, in the present study, Jurkat cells were transfected with lentivirus vectors carrying the LAT-enhanced green fluorescent protein (EGFP) fusion protein, in order to establish a cell line stably expressing the fusion protein. In addition, the present study aimed to investigate the biological roles of CD59 in the proliferation, activation and apoptosis of Jurkat cells via LAT, and to demonstrate that CD59 may be the candidate protein that transfers a palmitate group to LAT.
Materials and methods
Materials. Jurkat cells purchased from the cell bank of the Chinese Academy of Sciences (Beijing, China) were preserved in our lab. Negative (neg)-EGFP and the LAT-EGFP fusion protein were constructed by our lab. Lentiviral vectors were constructed by Shanghai GeneChem Co., Ltd. (Shanghai, China). RPMI-1640 medium was purchased from HyClone (GE Healthcare Life Sciences, Logan, UT, USA). The cell counting kit-8 (CCK-8) was purchased from Beijing Fanbo Biochemicals Co., Ltd. (Beijing, China). Guava Nexin Reagent was obtained from Merck Millipore (Darmstadt, Germany). Biotinylated rabbit anti-human CD59 (catalog no., 5516-2; dilution, 1:1,000; Abcam, Cambridge, UK) and phospholipase C-γ1 (PLCG1; dilution, 1:4,000; catalog no., 2112-1; Abcam) monoclonal antibodies, and zeta-chain-associated protein kinase 70 (ZAP70)/lymphocyte-specific protein tyrosine kinase (Lck) (C-term) polyclonal antibodies (dilution, 1,:1,000; catalog no., AB55208; Sigma-Aldrich; EMD Millipore, Billerica, MA, USA) were used. The β-actin antibody (dilution, 1:500; catalog no., D110007-0200) was obtained from Sangon Biotech Co., Ltd. (Shanghai, China). The goat anti-rabbit IgG (H+L) secondary antibody (catalog no., D111018; dilution 1:2,000) was purchased from Sangon Biotech Co., Ltd. TRITC-conjugated goat anti-rabbit IgG and the Mammalian Protein Extraction reagent were obtained from Beijing ComWin Biotech Co., Ltd. (Beijing, China). Enhanced chemiluminescence (ECL) reagent was purchased from GE Healthcare Life Sciences. The Transcriptor First Strand cDNA Synthesis kit and the FastStart Essential DNA Green Master were obtained from Roche Diagnostics (Basel, Switzerland).
Cell culture. Jurkat cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin). The cells were maintained at 37˚C in a humidified atmosphere containing 5% CO 2 . Exponentially growing cells were used in all experiments.
Experimental groups. Jurkat cells were divided into four groups, as follows: i) Neg group, in which Jurkat cells were transfected with the neg-EGFP lentivirus; ii) neg + CD59 antibody (CD59Ab) group, in which the Jurkat cells transfected with the neg-EGFP lentivirus were treated with the CD59Ab; iii) LAT group, in which Jurkat cells were transfected with the LAT-EGFP lentivirus; and iv) LAT + CD59Ab group, in which the Jurkat cells transfected with the LAT-EGFP lentivirus were treated with the CD59Ab.
Fluorescence microscopy to assess the transfection efficiencies of neg-EGFP and LAT-EGFP into Jurkat cells.
Jurkat cells were transfected with neg-EGFP or LAT-EGFP lentiviruses at a multiplicity of infection of 100 particles/cell in RPMI-1640 medium containing 5 µg/ml polybrene and Eni.S (infection enhancement solution), and then incubated at 37˚C in 5% CO 2 in 96-well plates for 12 h, after which the cells were incubated with fresh medium. After 2 weeks, the transfected cells expressing EGFP were observed under a fluorescence microscope.
Analysis of cell viability. Cell viability was measured using CCK-8 assays. Briefly, exponentially growing neg, neg + CD59Ab, LAT and LAT + CD59Ab cells (100 µl, 1x10 5 cells/ml) were seeded into 96-well plates and incubated for 48 h at 37˚C in 5% CO 2 . Subsequently, 10 µl CCK-8 solution was added to each well followed by a 4-h incubation. The absorbance was determined at a wavelength of 490 nm using a microplate reader. All experiments were performed in quintuplicate.
Analysis of cell apoptosis. Guava Nexin Reagent contains
Annexin V-phycoerythrin (PE) and 7-aminoactinomycin D (7-AAD). Annexin V-PE is used to detect phosphatidylserine, which is located on the external membrane of apoptotic cells, and its mean fluorescent intensity indicates early and late apoptotic cells. 7-AAD is an indicator of cell membrane structural integrity and binds to late apoptotic and dead cells. To analyze apoptosis, neg and LAT cells (10 6 cells/ml) were cultured in 24-well plates and treated with CD59Ab at 37˚C in a humidified atmosphere containing 5% CO 2 for 2 or 6 h. Subsequently, the cells were re-suspended in 100 µl RPMI-1640 medium containing 10% FBS and antibiotics, followed by addition of 80 µl Guava Nexin Reagent. After a 20-min incubation at room temperature in the dark, the cells were analyzed by flow cytometry. All assays were repeated three times.
Immunofluorescence staining. Cells (10 6 cells/ml) were plated onto glass coverslips, fixed in 4% paraformaldehyde for 20 min at room temperature, washed with PBS and then blocked with blocking buffer [10% goat serum (Beyotime Institute of Biotechnology, Shanghai, China) in PBS] for 30 min at room temperature. Fixed cells were incubated with rabbit anti-human CD59 (dilution, 1:50) primary antibody overnight at 4˚C, washed with PBS, and incubated for 2 h with goat anti-rabbit IgG (TRITC) (dilution, 1:100) secondary antibody at room temperature in the dark, then washed again in PBS. Coverslips were mounted onto the glass slides using glycerine. Finally, images of the cells were captured using confocal laser scanning microscopy.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated from the cell groups using Trizol reagent (Beijing ComWin Biotech Co., Ltd.), after which 1 µg RNA was reverse transcribed into cDNA in a 20 µl reaction volume using the Transcriptor First Strand cDNA Synthesis kit, according to the manufacturer's protocol. qPCR was performed using the FastStart Essential DNA Green Master and the following cycling conditions: Initial denaturation at 95˚C for 5 min, denaturation at 94˚C for 15 sec, annealing at 55˚C for 30 sec and extension at 70˚C for 30 sec. The primer sequences are shown in Table I . Each sample was analyzed three times and expression levels were normalized to GAPDH. Data were analyzed using the 2 −ΔΔCq method (21) .
Western blot analysis. Proteins were extracted from the neg cells, neg + CD59Ab cells, LAT cells and LAT + CD59Ab cells using Mammalian Protein Extraction Reagent, according to the manufacturer's protocol. Protein concentrations were measured using the BCA Protein Assay kit (Beyotime Institute of Biotechnology), after which protein samples were resolved by 12 and 5% SDS-PAGE and transferred onto polyvinylidene fluoride membranes. The membranes were blocked with TBST (containing 5% non-fat milk) or bovine serum albumin (Solarbio, Beijing, China), then incubated with anti-PLCG1 (dilution, 1:1,000), anti-ZAP70 (dilution, 1:1,000), anti-Lck (dilution, 1:1,000) and anti-β-actin (dilution, 1:2,000) primary antibodies at 4˚C overnight, followed by incubation with goat anti-rabbit IgG (H+L) secondary antibody (dilution, 1:5,000) for 2 h at room temperature. Immune complexes were detected using an ECL solution and visualized on the BioSpectrum 810 Imaging System (UVP, Inc., Upland, CA, USA). GCAGTGCCTTTGAAGAACAA  GGGACTGAGGTCACCATTCT  PI3K  TCTACCATGGAGGAGAACCC  AGCAAATGGAAAGGCAAAGT  LCK  GCATGGCATTCATTGAAGAG  CCTGGCTGTGTACTCGTTGT  LAT  CTACCCACCTGTCACCTCCT  CTGTTGGCACCATCAGAATC  GAPDH  GATGACCTTGCCCACAGCCT  ATCTCTGCCCCCTCTGCTGA PLCG1, phospholipase C gamma 1; PI3K, phosphoinositide 3-kinase; LCK, lymphocyte-specific protein tyrosine kinase; LAT, linker for activation of T-cells. Orientation and distribution of CD59 and LAT in different states of activation. Immunofluorescence staining was used to observe the orientation and localization of CD59 and LAT. Both were distributed on the membrane (Fig. 2) . The green fluorescence of the neg group corresponds to the expression of the EGFP reporter gene, which was diffusely distributed in the cytoplasm (Fig. 2A) . The intensity of red and green fluorescence indicated the extent of expression of CD59 and LAT, respectively. As compared with the neg group, neg the expression of CD59 was enhanced in the neg + CD59Ab group (Fig. 2B ). As shown in Fig. 2C and D, LAT was found predominantly in clusters in the cell membrane. After stimulation with the CD59Ab, the fluorescence signal of LAT became stronger (Fig. 2D) . The red fluorescence of CD59 also showed clustering and was colocalized with the distribution of LAT ( Fig. 2C and D) . These results suggest that, when Jurkat cells are activated, CD59 is able to recruit a large number of LAT molecules to lipid rafts. Following ongoing activation, increasing numbers of CD59 and LAT are recruited to lipid rafts to regulate downstream signaling.
Cross-linking CD59 in lipid rafts promotes LAT-mediated proliferation of Jurkat cells. CD59 and LAT are crucial molecules that participate in signal transduction in the membrane (14, 22) . As shown in Fig. 2 , CD59 and LAT were colocalized to lipid rafts in Jurkat cells. To further investigate the relationship between CD59 and LAT, CCK8 assays were performed to examine the proliferation rate of the various groups. The results showed that the cell viability of the LAT group was significantly higher compared with the neg group (P<0.01; Fig. 3 ). Cross-linking with CD59 significantly increased the viabilities of both the LAT and neg group cells (both P<0.01; Fig. 3 ). These results suggested that cross-linking CD59 using a monoclonal antibody or overexpressing LAT were able to significantly increase the proliferation of Jurkat cells. Notably, the LAT group cells stimulated with the CD59Ab exhibited the greatest proliferation ability. These results suggest that GPI-anchored CD59 is able to recruit LAT into lipid rafts to induce the activation and proliferation of Jurkat cells.
Cross-linking CD59 and overexpressing LAT reduces apoptosis in Jurkat cells.
To observe the apoptotic effects induced by CD59, the neg and LAT cells treated with CD59Ab were stained with Annexin V-PE and 7-AAD and analyzed by flow cytometry. As shown in Fig. 4A , the percentages of early apoptotic (right lower quadrant) and late apoptotic neg cells (right upper quadrant) were 6.8 and 9.3%, respectively. The apoptosis rates gradually decreased with a longer incubation with CD59Ab ( Fig. 4B and C) . The LAT cells showed a higher percentage of late apoptotic cells compared with the neg group (16.2 vs. 9.3%; Fig. 4D ). However, the percentage of late apoptotic LAT cells was decreased following treatment with CD59Ab for 2 or 6 h (12.3 and 12.3%, respectively; Fig. 4E and F) , although the ratio indicated no significant difference (Fig. 4G) . These results, as well as the results of a previous study (23) , suggest that GPI-anchored proteins, such as CD59, are able to assist SRC family kinase-mediated signal transduction in lipid rafts, and promote the proliferation and suppress the apoptosis of Jurkat cells through cross-linking via its corresponding antibody.
CD59 and LAT induce the upregulation and activation of crucial protein tyrosine kinases (PTKs).
The present study demonstrated that CD59 and LAT induced the proliferation of Jurkat cells. To determine the enzymes or signal transducers involved in the regulatory mechanism, the mRNA expression levels of PLCG1, phosphoinositide 3-kinase (PI3K), Lck and LAT, and the protein expression levels of Lck, PI3K, FYN, ZAP70 and PLCG1, were measured. The mRNA expression levels of PLCG1, PI3K, Lck and LAT in LAT cells were significantly higher compared with those in neg cells (Table II) . The expression of PI3K in LAT cells was ~16-fold greater compared with neg cells. Furthermore, the expression of PI3K was increased in the neg + CD59Ab group compared with the neg group, although it was less than the mRNA expression of PI3K in the LAT group. These results suggest that LAT overexpression exerts stronger activating effects in Jurkat cells than cross-linking the GPIAP CD59. Compared with the LAT group, there was no significant increase in the mRNA expression levels of any of the PTKs in the LAT + CD59Ab group (Table II) . Therefore, the dual intervention did not enhance the activation of Jurkat cells compared with overexpresson of LAT alone. Notably, the mRNA expression levels of LAT in both the neg and LAT cells were decreased following treatment with CD59Ab (Table II) . One possible explanation for this is that numerous positive regulators set the activation threshold in T-cells, and SRC kinase-dependent hyperphosphorylation of inhibitory receptors such as csk binding protein and cytotoxic T-lymphocyte-associated protein 4, may result in their recruitment to lipid rafts to displace LAT. The expression of various molecules that interact with LAT in the T-cell signaling pathway were detected. The results indicated that cross-linking CD59 led to a significant reduction in the concentrations of upstream PTKs, including ZAP-70, Lck and FYN. PLCG1 and PI3K are two downstream signaling molecules modulated by LAT (24) . As shown in Fig. 5 , there was no change in the concentration of PLCG1 after cross-linking CD59. However, the band of PI3K was too light to quantify, which was likely because the majority of PI3K was phosphorylated to participate in the PI3K/Akt signaling pathway. These results suggested that the signal transduction induced by CD59 mainly affected the PI3K/Akt pathway via LAT, a crucial adaptor (some results are not shown). Table II . Reverse transcription-quantitative polymerase chain reaction assessment of mRNA expression levels in the different groups. mRNA expression levels of PLCG1, PI3K, Lck and LAT in LAT group compared with those in neg group. PLCG1, phospholipase C-γ1; PI3K, phosphoinositide 3-kinase; LCK, lymphocyte-specific protein tyrosine kinase; LAT, linker for activation of T-cells; CD59Ab, cluster of differentiation 59 antibody; LAT, linker for activation of T-cells. 
Discussion
CD59 is a GPI-anchored glycoprotein that protects cells from attack by the complement system (8) (9) (10) (11) . Previous studies have shown that cross-linking of CD59 can lead to a series of intracellular signal transduction events (25) (26) (27) (28) . However, the molecular mechanisms underlying CD59-mediated T-cell signal transduction are unclear. A mechanism has been suggested based on the structure of the GPI anchor and the positioning of the CD59 molecule in lipid rafts (14) . Lipid rafts, which mainly contain cholesterol and sphingolipids, are considered signaling platforms to mediate signal transduction (29) (30) (31) (32) . Numerous raft-associated proteins, including LAT and SRC family kinases, have been shown to have important roles in signal transduction in lymphocytes (20, 33) .
GPI-anchored molecules lack transmembrane regions and are especially enriched in lipid rafts (34) . These molecules can induce intracellular signal transduction events (35) . Therefore, there must be a mechanism connecting the exterior and interior of the plasma membrane. Subczynski and Kusumi (36) speculated that this mechanism may occur via a type of non-specific transmembrane protein. The present study focused on the role of CD59 in Jurkat cells in order to determine how CD59 may interact with LAT to transduce signals.
LAT is a 36-38 kDa type III transmembrane adaptor protein (37) , which functions as an important integration node at the plasma membrane for various signaling complexes (38) . Microclusters of LAT are composed of signaling complexes that include adaptors and effectors for T-cell activation (39) . Phosphorylation and palmitoylation are crucial for the localization and function of transmembrane adaptor proteins (40) . LAT can be phosphorylated by the ZAP70/Syk PTK, which promotes the recruitment of various signaling molecules to the plasma membrane (41) . Protein palmitoylation is an important form of post-translational covalent modification characterized by lipid acylation (42) . Following palmitoylation, LAT is recruited to lipid rafts, where it is phosphorylated to serve as a linker for activated T-cells. In the GPI structure, a palmitate group is attached to the second carbon of the inositol ring (43) , and the present study assumed that LAT palmitoylation is associated with the function of the palmitate group. Lentivirus vectors carrying neg-EGFP and LAT-EGFP were constructed and transfected into Jurkat cells. The results of confocal microscopy indicated that CD59 and LAT colocalized to lipid rafts.
Activation of Jurkat cells through specific GPI-anchored molecules, such as CD55 and CD59 in humans, results in the phosphorylation of PTKs, elevation of Ca 2+ concentrations and an increase in proliferation (6) and cytokine release (44) . Too much calcium can cause damage to mitochondria and the release of cytochrome c, which activates caspases to induce apoptosis (45) . In order to observe the effect of CD59 on LAT cells and the molecular mechanisms underlying apoptosis, the effects of CD59 on the proliferation and apoptosis of neg and LAT cells were examined. The present study demonstrated that CD59 and LAT molecules were able to promote the growth of Jurkat cells. LAT cells showed enhanced proliferation and had a relatively high late-apoptosis rate, which may have been caused by activation-induced cell death.
TCR engagement triggers signaling cascades that result in enhanced gene transcription, cell proliferation and differentiation, and even apoptosis (46, 47) . The earliest events in this pathway are the activation of Lck and Fyn, which are PTKs from the Src family. These enzymes were found to phosphorylate tyrosine residues within the immunoreceptor tyrosine-based activation motifs (ITAMs) of the cytosolic domains of TCR-CD3ξ chains. Phosphorylated ITAMs serve as binding sites for the Src homology 2 (SH2) domains of ZAP70, which is then phosphorylated by Lck or Fyn to further activate downstream substrates (15) . LAT is a substrate of activated ZAP70 and is one of the most important tyrosine-phosphorylated proteins following TCR activation; LAT is able to bind to the SH2 domains of growth factor receptor bound protein 2 and PLCG1 and the p85 subunit of PI3K (48) (49) (50) . In the present study, results from immunoblotting and RT-qPCR indicated that the expression of non-phosphorylated proteins in LAT and neg cells was decreased following cross-linking of CD59. For neg cells, the mRNA expression levels of PLCG1 and PI3K were increased after CD59 cross-linking, while there was a decrease in the mRNA expression level of LAT following cross-linking. For LAT cells, there was no significant difference in the mRNA expression levels of PTKs following cross-linking of CD59, with the exception of the mRNA expression level of LAT, which decreased markedly following cross-linking of CD59. These results suggested that CD59 in lipid rafts in combination with palmitoylated LAT were able to promote T-cell signal transduction, facilitate the phosphorylation of PTKs and enhance gene transcription. However, the over-activation of T-cells can trigger and recruit inhibitory receptors into lipid raft to displace and suppress activators, in order to maintain T-cell homeostasis (51). In conclusion, the present study demonstrated the that GPI-anchored protein CD59 was able to promote TCR signal transduction, of which the mechanism may involve the CD59-mediated transfer of a palmitate group to LAT and subsequent regulation of T-cell signaling. These findings suggest that other GPI-anchored proteins may be involved in signal transduction in T-cells. Furthermore, the results of the present study suggested that CD59 and LAT were able to synergistically promote Jurkat cell proliferation. Future studies should further investigate how GPI-anchored proteins are able to modulate T-cell signal transduction.
